Abstract-A security constrained non-convex power dispatch problem with prohibited operation zones and ramp rates is formulated and solved using an iterative solution method based on the modified subgradient algorithm operating on feasible values (F-MSG). Since the cost function, all equality and inequality constraints in the nonlinear optimization model are written in terms of the bus voltage magnitudes, the phase angles, the off-nominal tap settings, and the susceptance values of static-var (SVAR) systems, they can be taken as independent variables. The actual power system loss is included in the solution since the load flow equations are inserted into the model as the equality constraints. The proposed technique is tested on the IEEE 30-bus, 140 generator and 40 generator test systems and compared against the other methods based on heuristic and deterministic algorithms. The significant saving in the solution time is due to the elimination of the power flow calculations from the method except at the initial step.  Index Terms-economic power dispatch, F-MSG algorithm, non-convex fuel cost rate curves, prohibited operation zones, ramp rates, security constraints
I. INTRODUCTION
Economic dispatch problem in electric power systems can be considered as a constrained non-linear optimization problem. The solution of it gives the minimum total active power generation cost rate where all equality and inequality constraints associated with the problem are satisfied.
The non-convex power dispatch problems considered in recent literature are mostly solved via dispatching techniques that employ evolutionary methods and use simplified models of power systems. Although the constraints associated with the active generations of the units are modeled in a detailed manner, the other constraints of the exact models of the power systems such as the voltage magnitude, transmission line loadability, and so on are not employed most of the time in the optimization models used by those methods. If the exact models of the power systems were used in those dispatch techniques, the solution times would increase. This is Manuscript received January 6, 2015; revised April 15, 2015. because a power flow calculation is required for each possible solution in the solution population.
Many methods have been developed and applied to solve the economic power dispatch problems and reported in the literature so far. Some of these methods are the shuffle frog leaping algorithm [1] , the mixed integer genetic algorithm [2] , the particle swarm optimization based techniques [3] - [7] , the differential harmony search method [8] , the evolutionary and the differential evolutionary based methods [9] , [10] , the artificial bee colony search method [11] , the cuckoo search method [12] , the gravitational search and pattern search method [13] , the biogeography based optimization methods [14] , mixed integer programming [15] , [16] , "λ-logic" based algorithm [17] and finally interior point methods [18] .
In all the references given in above, except in references [11] , [15] - [18] , the fuel cost rate functions are taken as non-convex polynomials which include the valve-point loading effects of the generators. In many applications reported in literature, transmission line losses are either ignored or added into the dispatch problem in two ways; by using either B-matrix loss formula or performing AC load flow. In references [4] , [10] , [15] - [17] , the transmission line losses are not considered in order to reduce the complexity of the problem. In references [5] , [6] , [8] , [11] - [14] and [18] for example, the total system loss is calculated by using B-matrix loss formula. Nevertheless, the loss values in the optimal solution points are the approximate ones. Since power flow solution is not performed in those studies, the constraints associated with the bus voltage magnitude, the transmission line capacity, the off-nominal tap settings of the tap changing transformers and the susceptance values of the SVAR systems are not properly included in their optimization models. In references [1] - [3] , [7] and [9] , the AC power flow calculations are performed to obtain the bus voltage magnitudes and the phase angles. Although the constraints for the off-nominal tap settings of the tap changing transformers and the susceptance values of SVAR systems are added into the models given in references [2] , [3] and [18] the prohibited operation zone constraints for the generators are not.
In the literature, classical deterministic methods are applied to solution of various power dispatch problems [15] - [18] . In those solutions, active generations of the units are taken as independent variables. Because of that, the total reactive power generation -load balance constraint and the reactive power generation limits for the generators are not handled. Besides the power system loss is either ignored [15] - [17] or is incorporated into the solution process via reference bus penalty factors that are obtained from Jacobian matrix of load flow solution [18] . Since deterministic methods especially based on classical gradient method can have difficulty in finding the absolute minimum solution in the non-convex cost curve case, valve-point loading effects are not considered in references [15] - [18] . Also the prohibited operation zones and the ramp rates of the generators are ignored in [18] in order reduce the non-convex character of the problem. Furthermore, the security constraints associated with the bus voltage magnitude, the transmission line capacity, the off-nominal tap settings of the tap changing transformers and the susceptance values of the SVAR systems are not properly included in their optimization models.
The non-convex power dispatch problems are mostly solved via the evolutionary methods [1] - [14] . Although the constraints associated with the active generations of the units are modeled in detailed manner, the other constraints such as the reactive power generations of the reactive power sources, the transmission line capacities, the bus voltage magnitudes, and the off-nominal tap ratios are not generally modeled in the optimization models that are used by them. The active power system loss is modeled either via approximate B-matrix loss formula or not modeled at all. The active power generations are taken as the decision (independent) variables. If the exact active and reactive power balance constraints, the transmission line capacity constraints, and the bus voltage magnitude constraints are desired to be included in those models, the reactive power generations of the units, susceptance values of SVAR systems, and off-nominal tap ratio values (if there are SVAR systems and off-nominal tap ratio transformers in the system) should be added into the decision variable set and a power flow solution must be performed for each possible solution in the population set. Since the transmission line capacity constraints, the bus voltage magnitude constraints and active and reactive power generation constraints of the slack generator cannot be handled during the production of decision variables, they are possibly considered as penalty terms in the formulation of fitness function. Consequently, if all the constraints of economic dispatch problem are considered in the solution techniques based on evolutionary methods, the number of decision variables will increase, the expression of fitness function for each solution will become more complex, and a load flow solution must be performed to calculate the fitness value of each possible solution. It is because the population size and the number iterations (generation) will increase compared to those models that use a simple model of the considered power system for the same level of solution accuracy. As a result, the solution time will be higher than what is generally given for the optimization models where the simple mode of the power system is used.
Application of the F-MSG method in a non-convex security constrained dispatch problem is given in reference [19] . Another application of the F-MSG method where it is used in the solution of security constrained non-convex economic dispatch problem of an electric power area that includes the limited energy supply thermal units is given in reference [20] . In reference [21] , a security-constrained non-convex pumped-storage hydraulic unit scheduling problem is solved via F-MSG algorithm again. In these three different applications of the F-MSG method; the actual transmission line losses are added into the dispatch problem via formulating the AC load flow equations as equality constraints. What is more, the valve-point loading effects on the generators' cost rate curves are also considered in the solutions, but the prohibited operation zone and ramp rate constraints are not.
The F-MSG is a deterministic solution method. It can solve security constrained non-convex power dispatch problems with prohibited operation zones and ramp rates. It is especially suitable to solve non-convex dispatch problems where exact model of the considered power system (optimal power flow problem) is used. Since power flow calculation is not used in the calculation process (except initial step), the solution time becomes lower than those of produced by other algorithms mentioned in recent literature. Detailed explanation about the F-MSG method can be found in reference [19] . In this paper, application of the F-MSG method is extended to non-convex dispatch problems with prohibited operation zones and ramp rates. Outperformance of the F-MSG algorithm with respect to some other economic dispatch algorithms based on heuristic and deterministic methods mentioned in recent literature is demonstrated on some well known test systems. In those test systems, prohibited operation zones and ramp rates of the generator are considered and exact or approximate model of power systems are used.
II. PROBLEM FORMULATION
A nonlinear optimization model for an economic power dispatch problem can be described as follows: 
, 1, 2, , , ,
,
Note that the active power generation of the th i unit Gi P should satisfy one of the inequalities shown in (3). In other words, Gi P should not be contained by any of the closed prohibited zone sets , ,
The meanings of the symbols used in this paper are given in list of the symbols section.
A. Determination of Line Flows and Power Generations
To express the total cost rate function in terms of independent variables of the proposed optimization model, the line flows need to be written in terms of the bus voltages, the off-nominal tap settings, and the susceptance values of SVAR systems (see (1) and (2)). The necessary equations, giving the active and reactive power flows ( , i j i j pq ) over the line that is connected between buses i and j in terms of the independent variables, can be found in reference [19] . Using those equations and (2), the active and reactive power generations of the th i unit connected to bus i can be calculated as below:
Also, the total loss of the network can be calculated as
and ,
The non-convex cost rate function of the th i unit is taken as
where , , , (14) is added to the cost rate curve to reflect the valve point loading affect. The non-convex total cost rate is then determined as
B. Converting Inequality Constraints into Equality
Constraints. Since the F-MSG algorithm requires that all constraints should be expressed as in equality constraint form, the inequality constraints in the optimization model should be converted into corresponding equality constraints. The method described below is used for this purpose since it does not add any extra independent variable (like in the slack variable approach) into the optimization model. It is therefore the solution time of the considered dispatch problem is reduced further. A double sided inequality
can be written as the following two inequalities:
Then we can rewrite the above inequalities as a single equality constraint form as follows:
If
. So, the inequality constraints in (16) can be represented by the corresponding single equality constraint in (17) . In this paper, the double sided inequality constraints given in (5)- (9) are converted into the corresponding single equality constraints in this manner. By the same reasoning, the union of two sided inequalities shown in (3) can be converted into the corresponding single equality constraint that is given in (18). 
It should be noted that when Gi P takes an infeasible value, all quantities inside the square brackets in (18) become positive and therefore the equality constraint is not satisfied. In the opposite case, once Gi P takes a feasible value, one of the quantities contained by the square brackets becomes zero, so the equality constraint is satisfied in this case.
III. THE F-MSG ALGORITHM
The independent (decision) variables of the method are made up voltage magnitudes and phase angles of the buses (except reference bus), the tap settings of the off-
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nominal tap ratio transformers and the susceptance values of the SVAR systems in the network. The method uses an augmented LaGrange function that is called as sharp LaGrange function. The F-MSG algorithm proposed to solve the dispatch problem described in Section 2 and based on the modified subgradient method based on feasible values is given in reference [19] in detailed manner. The reader should refer to reference [19] to examine the F-MSG algorithm.
IV. NUMERIC EXAMPLE
In this section, the proposed technique is going to be tested on non-convex and convex dispatch problems of test systems which were solved via heuristic and deterministic solution methods previously. The test systems include the IEEE 30-bus, the 140 generator and 40 generator test systems. The simulation program is coded in Matlab 6.1. The CSP problem appears in the third step of the F-MSG algorithm is solved by GAMS 21.5 with Conopt type solver [19] . A PC with Intel Core 2 Duo 2.20GHz CPU and 4GB RAM is used for the solution of the dispatch problems.
A. Solving Economic Non-Convex Dispatch Problem of IEEE 30-Bus Test System with F-MSG.
The detailed information about the IEEE 30-bus test system data can be found in web page of University of Washington 1 . Please refer to reference [1] for detailed generator data. The bus numbered as 1 is chosen as the reference bus and its voltage is taken as 1.05 0  pu. The lower and upper limits of voltage magnitudes for all busses, except the reference bus, are taken as 0.95pu and 1.05pu, respectively. Also the lower and upper limits of all off-nominal transformer tap settings are taken as 0.9 and 1.1, respectively. Similarly, the lower and upper limits for susceptances values of all SVAR systems are taken as 0.0pu and 0.1pu, respectively. In addition, the parameters of the F-MSG algorithm are chosen as α=1250, λ=1, ε 1 =1×10 -5 , ε 2 =0.05, M=250, Rh  =100R/h, and ()  kk [19] . The same dispatch problem is solved three times via the F-MSG method by using three different initial data sets. The same parameters are used in all solutions. The selected actual initial active and reactive generations, tap ratios, per-unit susceptance values of SVAR systems for three different starting points are given in Table I . To obtain the initial cost rate and the bus voltage values for each initial data set, a load flow solution is carried out by using each data set. The calculated initial total cost rate values for each initial data set are also shown in Table I .
The non-convex dispatch problem of IEEE 30-bus test system, where the prohibited operation zones of generating units are considered, was previously solved and the results were presented in reference [1] . The solution was performed using four different methods: simulated annealing (SA), particle swarm optimization (PSO), shuffled frog leaping algorithm (SFLA), and 1 http://www.ee.washington.edu/research/pstca/pf30/pg_tca30bus.htm hybrid SFLA-SA. The optimal total cost rate and solution time (ST) values produced by the F-MSG and the other methods are listed in Table II for comparison. The best total cost rate produced by the F-MSG is 7.1725, 5.8396, 5.45276 and 5.27 R/h less than those produced by SA, PSO, SFLA and hybrid SFLA-SA, respectively. Similarly, the solution time of the best total cost rate solution of the F-MSG is 9.33, 1.9375, 1.894 and 1.689 times smaller than those given by SA, PSO, SFLA and hybrid SFLA-SA, respectively. We can conclude that the F-MSG method outperforms the others in terms of both the total cost rate and the solution time.
Some intermediate results obtained from application of the F-MSG algorithm to the dispatch problem using the first initial data set is shown in Table III . The total cost rate is decreased from the initial value of 1005.9314 R/h to 826.3639 R/h in 13 outer loop iterations where eight of them give a feasible solution. The algorithm stops at the 13 th outer loop since ∆ 14 becomes less than 0.05(=ε 2 ). Because of this, the last feasible solution, which is 829.3639 R/h found at the 13 th outer loop iteration, is taken as the optimal total cost rate value [19] .
The change of the total cost rate values (feasible/infeasible) versus number of outer loop iterations during each solution procedure are shown in Fig. 1 . Convergence of the F-MSG algorithm to the same optimal total cost rate value for different initial data sets is clearly seen in Fig. 1 . It is also seen from Table II that the highest solution time produced by the F-MSG algorithm is much lower than the best of solution times produced by the other methods. The optimal generations, tap ratios and susceptances of SVAR systems are shown in Table IV . We see from the table that generation, tap ratio, and SVAR systems susceptance constraints are met at the solution points. 
B. Solving Non-Convex Economic Dispatch Problem of 140 Generator Test System with F-MSG
Please refer to reference [10] for detailed generator data about 140 generators Korean power system. In the dispatch problem considered in reference [10] , a simple model of the power system is considered. The total cost rate of the system is minimized under equality constraint We solved the dispatch problem via our dispatch method by using the same initial active generations and total system active load, P LOAD =49342MW, which are given in reference [10] . The parameters of the F-MSG algorithm [19] are chosen as α=1.5, λ=1.5, ε 1 =0.005, ε 2 =1000, M=250,  =100000R/h, and ()  kk . The dispatch problem considered in this section was solved by means of particle swarm optimization with both chaotic sequences and crossover operation algorithm (CCPSO), particle swarm optimization with the proposed constraint treatment strategy (CTPSO), group search optimizer (GSO), continuous quick group search optimizer (CQGSO) [22] and differential evolution based on truncated Lé vy-type flights and population diversity measure (DEL) [10] previously reported in literature. The solution point total cost rate and solution time values produced by the F-MSG, and the other methods mentioned in the above are given in Table V . It is seen from the table that all the solution methods, except GSO, give almost the same total cost rate value but the solution time produced by the F-MSG is 5.345, 3.563, 1.917 and 1.128 times smaller than those produced by CCPSO, CTPSO, GSO and CQGSO, respectively. [15] for detailed generator data about 40 generator power test system. In the dispatch problem considered in reference [15] , a simple lossless model of the power system is considered. Convex cost rate functions are taken for each generator. The total cost rate of the system is minimized under the following equality constraint for the total system active load, the ramp rates and prohibited operation zones of the generators are considered. We solved the dispatch problem via our dispatch method by using the same initial active generations and total system active load, 7000 MW, which are given in reference [15] . The parameters of the F-MSG algorithm used in solution of the problem are chosen as α=1.5, λ=1.5, ε 1 =0.05, ε 2 =1, M=250,  =500R/h, and ()  kk [19] . The dispatch problem considered in this section was solved by means of mixed integer quadratic programming (MIQP), which is a deterministic method, previously [15] . The solution point total cost rate and solution time values produced by the F-MSG, and MIQP are given in Table VI . It is seen from the table that both methods give almost the same total cost rate value, but the solution time produced by the F-MSG is lower than the one produced by MIQP. 
